dr hab. inż. Bożena Szczucka-Lasota, prof. PŚl; prof. dr hab. inż. Tomasz Węgrzyn -Silesian University of Technology, Poland mgr inż. Michał Krzysztoforski -Elektrobudowa Corresponding author: bozena.szczucka-lasota@polsl.pl
Introduction
Busducts are elements which conduct electricity, usually of large dimensions (lengths of up to several dozen meters, with external diameters of up to 2000 mm), typically used for transferring high-value current. They are mostly used as an interconnection between generators and step-up transformers in all kinds of power plants worldwide. Busducts are structures with a conductor (typically round-shaped) supported on post insulators and enclosed in a round-shaped enclosure. Due to its production process, a busduct is welded between each production segment (typically it's round welded every 1500 mm) and has got a longitudinal weld [1] .
Busbars are divided into ( Fig. 1 ): 1. Insulated phase busducts (with isolated phases), 2. Non-segregated phase busducts, 3. Segregated phase busducts.
In the production process of busducts, one of the most important things is the quality of the welded joints. The reason for this is their critical role in the mechanical strength of busducts as well as their electrical parameters. In the case of a short-circuit fault in the system, electrodynamic forces will appear, which will affect the busduct elements, especially the welded joints in the non-linear elements (busduct elbows) [3] . Currently, in order to prevent the possible effects of short circuits, special solutions are used to counteract Bożena Szczucka-Lasota, Tomasz Węgrzyn, Michał Krzysztoforski Fig. 1 . Aluminum alloy busduct, which must have good mechanical properties and high electrical conductivity [2] the forces affecting weld joints in the event of an emergency. Examples of such solutions include additional support insulators, or the use of more durable (more expensive) material for the production of busducts. What is important to understand is that if a welded joint is damaged in a busduct, the whole power unit must be stopped, cutting it from the national electrical grid so that proper maintenance can be conducted for a certain period of time, which means a significant loss of profits for power plant operators [4] .
Another factor that must be taken into consideration is the environmental factor. During the normal operation of a busduct, heat is generated, known as power losses of a power Keywords: welding; micro-jet cooling; metallographic structure; civil engineering, mechanical resistance; conductivity 
Abstract
Aluminium alloys were used in many structural applications, including the civil engineering field. The innovative technology of welding with micro-jet cooling was tested and the effects were reported. The main information is given on the parameters of aluminum welding with the micro-jet cooling process. Information was also reported on the influence of various micro-jet parameters on the metallographic structure. Subsequently, metallographic and certain physical properties of welding structures (for example, mechanical resistance, electrical conductivity) were tested. Aluminum alloys are lightweight and resistant to corrosion in the natural and aquatic environment, which is why they are a suitable material for responsible structures (in the construction of ships, vehicles, electrical conductors). This article focuses on the mechanical and electrical properties of busduct welds made with the micro-jet cooling pioneering technology. Aluminum alloy busduct, which must have good mechanical properties and high electrical conductivity [2] unit [5] . Improvement of the electrical parameters (an increase in conductivity) of welded joints will result in a decrease of thermal losses, which will directly result in a reduction of electricity demand and thus a reduction in the fuel demand necessary to run a power unit. By improving the electrical parameters of welded joints, negative effects to the environment caused by power plants are reduced.
Rapid progress in modern industries, including welding, depended mostly on the capabilities of forming materials and surface engineering [6÷9] .
The goal of the study was to examine the varying structure and properties for power energy purposes of a typical MIG (Metal Inert Gas Welding) process with innovative micro-jet cooling. For the first time, an attempt was made to weld aluminum alloys using micro-jet cooling. The most popular aluminum alloys in the industry are Al-Mn (3XXX group), Al-Si (4XXX group), Al-Mg (5XXX group) and Al-Mg-Si (6XXX group), mainly due to their excellent corrosion resistance and good weldability. The most commonly used alloys for welded constructions are alloys 5052, 5154, 5454, 5083 and 6061. The best filler material for welding those alloys is 5356. The type of filler material used in aluminum welding is an important factor that can influence the mechanical properties, most notably eliminating cracking. Cracking usually can be minimized by using welding filler wire of a lower amount of Si and Mg than in base metal [10] . For example, crack-sensitive alloys 6060 and 6061 should be welded with 4043, 5183 or 5356 filler material, which have a lower amount of Si and Mg [11] . This decreases crack sensitivity, without changing weld strengths [12] . The same principle is used for welding alloys Al-Li, group 8xxxx, where the Li content in the electrode wires is limited [13] . The most popular aluminum alloys (especially for power energy needs) are 6060, 6082, 5251 due to their good corrosion resistance, excellent conductivity and good weldability. There are serious difficulties in welding Al-Cu (2XXX group) and Al-Zn (7XXX group) due to the occurrence of cracks [14] . These unweldable alloys can result not only in cracking, but they are also known for their premature failure in service at a later time. There are some exceptions in this group. For example, the 2219, 2519, 7003, 7004, 7005 and 7039 alloys are known for their good weldability [15] . Almost all of the alloys in the 1XXX, 3XXX, 4XXX, 5XXX and 6XXX groups can be properly welded using the TIG and MIG processes [11] . The main goal of the project is to check the applicability of the innovative method of micro-jet cooling in aluminum busduct welding. Busducts are known for their use in large constructions for power energy needs (Fig. 2) .
Welding with micro-jet technology was first tested for steel welding in 2013 at the ISOPE congress in Alaska [16] .
Surface welding was successfully presented in 2016 in the publication [17] . It is, therefore, a very new and not fully finished process. In the case of low alloy steel welding, very favourable mechanical properties were obtained using micro-jet cooling, because of the artificially lifted high amount of fine ferrite [18] . The use of micro-jet cooling has brought great benefits in low alloy steel welding, as the high acicular ferrite content (impossible to obtain in classical processes) translated to a high impact toughness at sub-zero temperatures. In the case of steel hardfacing, very favourable mechanical properties were obtained due to nitrogen micro-jet cooling because of a noticeable strengthening of the solution with nitrogen and lifting the martensitic percentage and even obtaining nitrides [19] . This increased the hardness in the coating and the resistance to abrasive wear [19] . In the case of aluminum alloy welding, grain fragmentation is important, which translates into better mechanical properties and presumably better electrical conductivity of the weld and surface weld.
The most important factors of micro-jet cooling after the welding process are [16, 17] : -diameter of the stream of the micro-jet injector, -type of micro-jet gas or gas mixture, -micro-jet gas pressure, -the number of jets.
Experimental procedure
A test stand for welding was made in order to check the properties of aluminum alloys after welding using the MIG method with micro-jet cooling (Fig. 3) . A micro-jet injector was installed with a variable number of micro-streams (1÷3).
Two micro-jet gases (argon, helium) were tested in the cooling process just after surface welding. Two other important micro-jet parameters were also varied: micro-jet gas pressure and micro-jet stream diameter. The diameter of streams was at a level of 50 µm and 60 µm. Micro-jet gas pressure was varied twice: 0.4 MPa and 0.5 MPa. Welds were made with different variants of the MIG process parameters (welding speed, voltage, wire feed, current). Wire 4043 (with 5% of Si, 0.1% Cu, 0.01% Mn) were used in all welding tests. The weldability of the busduct material with two different welding speeds was tested. The main data about the parameters of welding are shown in Table I .
The properties of aluminum (6082 T651) busduct welds were checked using micro-jet cooling after the welding process. This alloy is typically subject to a solubilization at ~529 °C and aging at ~170 °C. Also, the chemical composition Table I . Parameters of the MIG welding process with micro-jet cooling Table II . Aluminum alloy used for the weldability test after micro-jet cooling of 6082 alloy is characterized by the addition of a low amount of Si, Mn, Mg, Fe. The chemical composition of 6082 T651 alloy is presented in Table II .
Argon and helium were chosen for micro-jet cooling because of their significantly various cooling conditions. This is due to different conductivity coefficients (λ), which for Ar in the 273 K is at a level of 23.74 J/cm•s•K. Helium gives much stronger cooling conditions due to higher conductivity coefficients (λ), which is 143.4 J/cm•s•K.
Results and discussion
The aim of the study was to examine the structure and various properties of aluminum alloy 6082 T651 (a typical material used in busduct structures for power energy purposes) after the MIG process with micro-jet cooling. First it was decided to examine and evaluate the results of the bending test of aluminum joints welded using the MIG process with micro-jet cooling and without any kind of cooling. After obtaining this information, a decision was made to examine the effects of micro-jet cooling on the metallographic structure of the welds. The next stage of the research was the assessment of the tensile strength of aluminum MIG joints with micro-jet cooling and without cooling. Then, the electrical conductivity of the aluminum busducts (huge connectors), using the MIG process with micro-jet cooling and without cooling, was evaluated, as electrical conductivity is the most important parameter of the materials used to build busducts. Alloy 6082 T651 is commonly used for the construction of busducts.
Basic information about good plastic properties of welds can be obtained after bending. The cross-section of the bending test specimens was 5 x 20 mm. The bending mandrel had a diameter of 45 mm. The bend angle was 180 °C. Five samples were used in each test according to EN ISO 5173:2010 standards. The samples were bent from the side of the weld face (WF) and the weld root (WR). The weldability of 6082 T651 alloy with two different welding speeds was tested (value from Tab. I). A change in welding speed has an effect on the cooling time of the weld, which translates into a change in the metallographic structure. This is very noticeable for steel welding; however, aluminum alloys can also be effected on the structure by changing the welding conditions. The results of the bending tests are presented in Table III (higher welding speed) and Table IV (lower welding  speed) . Tables III, IV show that micro-jet cooling improves the plastic properties because it prevents cracks from forming in the joint. The right choice of micro-jet cooling parameters is important. Helium is a more intensive cooling gas than argon, thus cracking occurred when helium was used as a micro-jet gas and when cooling was carried out in a way that was too intense. Bending tests clearly show that argon micro-jet cooling is essential in welding tested aluminum alloys. One can observe that a slower welding speed is more favourable. It may be related to the fact that a lower speed corresponds with the extended cooling time of the weld, which positively affects the plastic properties of the aluminum busduct joint. For further tests, only busduct welding with slower speeds was selected, but micro-jet cooling was further tested for both argon and helium. More tests were carried out to determine what is the effect of micro-jet cooling on the metallographic structure of a joint. The type of micro-jet gas did not affect the metallographic metal structure of the weld metal deposit. Figure 4 shows the metallographic structure of a weld made using the MIG process without micro-jet cooling. Figure 5 shows the metallographic structure of a weld made using the MIG process and argon micro-jet cooling.
Analyzing Figures 4 and 5 gives us an opportunity to observe the fragmentation of the phases β (Si) in the weld resulting from welding with micro-jet cooling, even by about 50%, compared to the size of the β-phase grains in the weld resulting from welding without additional cooling. Precipitates were also observed (probably from the intermetallic phase base composition, Al3Mg2). The EDS analysis confirmed, that in the structure of weld were main elements such as: Al, Si, Mg and Cu. By the scanning microscopy it was shown, that two other phases β (Si) and Al3Mg2 on the grain 
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Type of micro-jet cooling gas border are detected. The average size of grain in weld was on the level of 40 µm (Fig. 6 ). There were observed the spectra of Fe (base material alloy element) and Cu (wire alloy element). By the X-ray analysis method the other intermetallic apart from Al3Mg2 were not detected. The obtained diffraction are presented in the Figure 7 . On the diffractions, it was observed the phases in weld metal deposit such as: α(Al), β(Si) and Al3Mg2 (two last peaks correspond with Al3Mg2 phase).
Micro
Diffractograms (Fig. 8 ) of weld metal deposit taken in standard MIG process without micro-jet cooling is very similar.
The only difference is to find the presence of the brittle Mg2Si phase, which was not observed after MIG welding with micro-jet cooling. After this, the strength of the welded joints was checked (according to EN ISO 6892-1:2016-09) as well as the electrical properties of the welded and surface welded sheets. Tensile results show increase in both yield strength (fy) and ultimate tensile strength (fu) in the analysed welding processes (Tab. V).
In order to facilitate the interpretation of tabular data, it is presented below in the form of a graph (Fig. 9) .
Strength and yield point are rather similar in the tested cases (various materials and cooling conditions), but the relative elongation always increases (because of the positive micro-jet cooling effect). By observing the elongation values, it can be seen that argon is a more beneficial gas than helium for micro-jet cooling. Permanent deformation is clearly noticeable after MIG welding with direct micro-jet cooling.
The most important issue related to the construction of busducts is to provide (on this tubular construction) the best possible electrical conductivity. The SIGMATEST 2.069 is an eddy current instrument that measures the electrical conductivity of non-ferromagnetic metals based on the complex impedance of the measuring probe. The measuring range for the instrument is established by calibration. The conductivity tests were carried out in accordance with the manufacturer's SIGMATEST 2.069 precise instructions. The conductivity of alloy 6082 is very good (at a level of 35 MS/m). A MIG welded connection lowers the electrical conductivity by half, to a level of 17 MS/m. A decision was made to check whether grain refinement after welding with micro-jet cooling would increase the electrical conductivity of the conductor. The results of the electrical conductivity tests of the welded structure with and without the use of micro-jet cooling are presented in Table VI .
In order to facilitate the interpretation of tabular data, it is presented below in the form of a graph (Fig. 10) .
It turned out that both micro-jet cooling with helium or argon greatly increases the conductivity of a welded alloy almost to its value of a base material without welding (34 MS/m). The micro-jet gas does not have a significant influence on the conductivity of the alloy, although argon appears to be a more favourable gas. Micro-jet helium cooling guarantees the conductivity of busducts at a level of 28 MS/m. Micro-jet argon cooling guarantees the conductivity of busducts at a level of 29 MS/m. The analysis of the data in Table VI allows us to conclude that increased conductivity limits the thermal losses associated with the heating of busducts during current flow. At the same time, there is a second observation: to preserve the ability to conduct the same current, the busduct structure with a smaller cross-section may be proposed.
Summary and conclusion
The pioneering method of welding aluminum alloys using micro-jet cooling was conducted. Tests related to the welding of important civil engineering structure which are the busducts have been carried out. This type of construction must have good plastic properties and high electrical conductivity. Current welding processes do not guarantee good conductivity, often twice lower than aluminum alloy. Welding of busducts with two different welding speeds and with different micro-jet gases (helium, argon) was tested. Bending tests showed that a slower welding speed is more beneficial, as there is a longer cooling period by micro-jet gases (argon or helium). Better plastic properties were observed, which means a higher elongation value. Strength tests showed that after micro-jet welding, the busducts have a value that is comparable to welded joints without cooling. Two smaller grain refinement after welding using micro-jet cooling was noted. In this case, helium and argon during micro-jet cooling of the weld produced a similar effect. The most important observation associated with the use of micro-jet cooling is related to the electrical conductivity of the busduct (huge conductor). Micro-jet cooling allows us
